Vibrational modes are observed at ambient pressure in O-doped GaN at 544 cm Ϫ1 using Raman spectroscopy. Investigation of these modes with applied hydrostatic pressure reveals the existence of three closely spaced modes that shift in relative intensity with increasing pressure. Notably, transitions between the different modes occur at previously observed electronic transitions associated with the DX-like center behavior of substitutional O on the N site. A simple one-dimensional oscillator model is used to extract approximate force constants; these are consistent with the assignment of the 544 cm Ϫ1 mode to O N and with force constants for C and B dopants in GaP. The relative intensity changes observed at 11 and 17 GPa are assigned to changes in the charge state due to the merging of the ϩ/0 ionization level and the Fermi energy and the transition to DX Ϫ that causes a previously observed drop in free electron concentration, respectively.
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Vibrational modes are observed at ambient pressure in O-doped GaN at 544 cm Ϫ1 using Raman spectroscopy. Investigation of these modes with applied hydrostatic pressure reveals the existence of three closely spaced modes that shift in relative intensity with increasing pressure. Notably, transitions between the different modes occur at previously observed electronic transitions associated with the DX-like center behavior of substitutional O on the N site. A simple one-dimensional oscillator model is used to extract approximate force constants; these are consistent with the assignment of the 544 cm Ϫ1 mode to O N and with force constants for C and B dopants in GaP. The relative intensity changes observed at 11 and 17 GPa are assigned to changes in the charge state due to the merging of the ϩ/0 ionization level and the Fermi energy and the transition to DX Ϫ that causes a previously observed drop in free electron concentration, respectively.
I. INTRODUCTION
The practical development of GaN for application in optoelectronic, high frequency, high power, and high temperature devices 1, 2 is closely linked to the control of defects and impurities. The development of suitable buffer layer techniques, precursor purification, and successful acceptor activation are essential steps in the development of working devices. 3 An important step in the identification of impurities was the recent clarification of the role of O. [4] [5] [6] In contrast to its behavior in Ge, Si, GaAs, and GaP, O is a highly effective shallow donor in GaN and, due to this unexpected behavior, it is a major source of high background n-type conductivity. For example, in vapor phase epitaxy O can be incorporated at high concentrations by water contamination of the ammonia precursor. Oxygen also poses a problem during growth in the high vacuum systems used in molecular beam epitaxy.
A convenient and important tool for elemental impurity analysis is the study of their vibrational modes in infrared absorption or in Raman spectroscopy. 7 However, no vibrational modes of donors have so far been identified in GaN. The electronic properties of GaN:O reveal a DX-like behavior of O under large hydrostatic pressure. 4, 8, 9 In Raman spectroscopy we have observed previously a freeze-out of electrons to the deep gap state at pressures above 20 GPa. Oxygen has also been reported as a deep donor in irradiated GaN. 10 Here we report the observation of vibrational modes in GaN at frequencies where substitutional O is expected and correlate their behavior under hydrostatic pressure with the electronic properties.
II. EXPERIMENTAL PROCEDURE
Epitaxial samples of GaN:O were grown by hydride vapor phase epitaxy ͑HVPE͒ on c-plane sapphire at thicknesses of 20 m.
11 Oxygen doping was achieved by water vapor introduction. Small bulk samples were grown by high pressure/ high temperature synthesis. 12 In both cases O concentrations in the range of 10 18 cm Ϫ3 to 10 20 cm Ϫ3 were measured by secondary ion mass spectroscopy ͑SIMS͒ depth profiles. Details of the samples are collected in Table I . Nonresonant Raman spectroscopy was performed using 100 mW of the 476.5 nm line of an Ar ion laser. Large hydrostatic pressure up to pϭ38 GPa was applied by means of a Mao-Bell-type diamond anvil cell using nitrogen as a pressure medium and the luminescence of ruby chips as a scale for pressure and its homogeneity. All data were taken at room temperature.
III. RESULTS
Representative Raman spectra for GaN:O ͑high carrier concentration N͒ and GaN ͑low N͒ in two geometries at ambient pressure are shown in Fig. 1 . According to the selection rules in wurtzite A 1 (LO) and E 2 ͑high and low͒ are allowed in the z(x,Ϫ)z as well as in the z(x,Ϫ)z forward scattering geometry. 13 In scattering along y(x,Ϫ)ȳ , typically obtained from the thin edge of the sample, E 2 , A 1 (TO), and E 1 (TO) are allowed. In the experiment E 1 (TO) appears at (E 1 ,TO,pϷ0)ϭ559 cm
and y(x,Ϫ)ȳ and a strong mode appears at 531 cm Ϫ1 in z(x,Ϫ)z scattering. Although not expected in this geometry this mode must be attributed to A 1 (TO) and possible contributions of the lower branch of the A 1 (LO) phonon-plasmon coupled mode ͓here jointly labeled with A 1 (TO)]. In addition we observe a mode Q at ϭ544 cm Ϫ1 at ambient pressure, which is not expected in the phonon spectrum. In our experiments Q only appears in z(x,Ϫ)z or z(x,Ϫ)z scattering, but not in y(x,Ϫ)y. We observe Q only in O doped material. We did not observe Q in Si doped material.
14 Reports of phonon quasimodes in the range between E 1 (TO) and A 1 (TO) modes reveal 15 that such a mode would appear instead of but not in parallel with the TO modes and that it should be broader than either of the TO modes. 16 In addition, the high crystalline quality of bulk crystals from high pressure synthesis makes structural defects unlikely as the cause of Q.
Under hydrostatic pressure ͑Fig. 2͒ the phonon modes shift to higher frequencies at slopes of 3.75 cm Ϫ1 /GPa (E 2 ) and 3.1 cm Ϫ1 /GPa ͓A 1 (TO)͔ in agreement with the literature. 12 We subsequently use the slope of E 2 as a secondary pressure standard. At certain pressure ranges Q appears as a set of multiple lines Q 1 , Q 2 , and Q 3 with variable intensities. Mode frequencies of several samples versus pressure are collected in Fig. 3 . By its definition as the pressure scale the energy of E 2 appears as a straight line. Modes Q 1Ϫ3 have a somewhat smaller pressure dependence, Ϸ2.7 cm Ϫ1 /GPa. For a more detailed analysis of Q we remove the first order pressure dependence of the measured mode energies by scaling all vibrational energies to the frequency of the E 2 (high) phonon mode. We next consider the localization energy of Q, loc , with respect to the lower edge of the optical phonon band represented in this energy range by E 1 (TO): The values of loc are collected in Fig. 4͑a͒ and the integrated intensities of Q 1Ϫ3 with respect to E 2 are shown in Fig. 4͑b͒ . The localization energies together with the relative intensities show a clear grouping of Q into pressure ranges where one of the Q modes is dominant. While Q 1 is the strongest mode for pϽ11 GPa, Q 2 is dominant in the range 11 GPaϽpϽ17 GPa and Q 3 is strongest for pϾ17 GPa. This indicates a sequence of level switchings from Q 1 to Q 2 and then to Q 3 . In this way Q appears at a localization energy of BϭϪ12 cm Ϫ1 at pϷ0 ͑with respect to a level of Aϭ0 cm Ϫ1 ). This ͑negative͒ value then increases to a level of CϭϪ22 cm Ϫ1 at pϭ11 GPa. Then Q switches back to B to follow a weaker line that last can be observed at 17 GPa at some Ϫ18 cm Ϫ1 before the mode switches back again to follow the emerging mode Q 3 up to Ϫ19 cm Ϫ1 at the largest pressures applied here, pϭ38 GPa.
IV. DISCUSSION
The correlation of the Q modes and the high O concentration suggests they are vibrational modes of O donors substituting on the N site in GaN. We show that such an assumption is reasonable by considering first an isotopical impurity of defect mass m O ϭ16 amu and in a second step consider variations of the force constants to account for the Coulombic effects of the donor impurity. For this purpose we simulate the lattice vibrations E 1 and E 2 within the basal plane of GaN in a linear chain model considering nearest neighbor interaction in a harmonic mass-and-spring model 17, 18 along (101 0). To reflect the hexagonal symmetry we introduce a set of two spring constants k 1 and k 2 which corresponds to an additional zone folding. In this way both maxima ͓E 2 (high),E 2 (low)͔ and minima (E 1 ,0) of the optical and acoustical phonon bands are zone center phonons. Scaling the eigenvalues to the phonon energies E 2 (low)(144 cm Ϫ1 ) and E 2 (high)(570 cm Ϫ1 ) results in k 1 ϭ200.5 N/m and k 2 ϭ26.9 N/m. The respective projections of the bond angles to the high symmetry direction (101 0) lead to the large difference between k 1 and k 2 . The model yields (E 1 )ϭ552 cm Ϫ1 which coincides well with E 1 (TO) and supports the suitability of this model. By substituting a N atom with O a zone center mode associated with the O atom appears at O ϭ (E 1 )Ϫ23 cm Ϫ1 ϭ529 cm Ϫ1 in this framework. The associated amplitude is ten times as large as that of the E 1 mode in the unperturbed system. At the same time the amplitudes of E 1 and E 2 (high) modes are reduced by about a factor of ten, resulting altogether in a large expected signal amplitude of the O mode with respect to the optical phonon band. Further details of the calculation are given elsewhere. 16 The small deviation of the Q-mode frequencies and the expected value for O N , ⌬ ϭ15 cm Ϫ1 , support our assignment of Q to vibrational modes of substitutional O.
In order to account for the remaining discrepancy between the calculated and observed vibrational frequencies, we next consider variations of the effective force constants by introducing a scaling factor to the pair of k 1 and k 2 next to the impurity atom. The results of varying to reproduce our observed frequencies are shown in Fig. 5 together with the threshold levels A, B, and C. The case of decoupled oscillators (m Ga →ϱ) is also shown ͑solid line͒. Within the model of coupled oscillators ͑filled squares͒, the switching sequence of the Q 1Ϫ3 modes appears as follows. Starting at level B(ϭ1.05), Q moves to C and falls to ϭ1.00 before with increasing pressure it switches back to B and ϭ1.05. It then moves up toward C again. In parallel to this behavior of the dominant mode, modes Q 2 and Q 3 coexist. They first appear at or near level A (ϭ1.11) and move to B and C, respectively, before they receive major intensity. This variation of 5% in the force constants compares reasonably well with the relative change of the nuclear charge from N to O ͑14%͒ and the calculated bond length variation around the O impurity, 3-4.2 %. 19, 20 Within this limited model of a Coulombic defect oscillator the continuous variation of the localization energy could produce a variation of the force constants due to the screening conditions of the defect. The steps from Q 1 to Q 2 and Q 2 to Q 3 of ⌬Ϸ0.05 can then be explained as different charge states of the defect. Such a variation of the vibrational mode energy with the charge state has also been seen for Si in InP. 21 The switching from Q 2 to Q 3 at 17 GPa occurs close to the previously observed onset of carrier freeze-out to the DX-like center of O at 20Ϯ2 GPa. 4 This also agrees with the threshold seen in infrared absorption. 22 This 0/-charging step leads to the DX Ϫ state, which according to first principles calculations is accompanied by a large lattice relaxation around the O impurity. 5 Based on the experimental localization energy of the electronic donor level at 27 GPa and band structure calculations, we previously 8 developed a model ͑Fig. 6͒ for the pressure dependence of the electronic conduction band and the ϩ/0 ionization level of the strongly localized donor. The pressure dependence of DX Ϫ is a spline interpolation to theoretical values of the correlation energy. 5 Within the same picture the switching from Q 1 to Q 2 at 11 GPa can be associated with the merging of the ϩ/0 ionization level and the Fermi energy for a carrier concentration 
